We previously Identified a G-rich silencer element Involved in negative regulation of catalase gene expression in some hepatoma cells (Mol. Cell. Blol., (1992), 12, 2525-2533). To study a nuclear binding protein for this element, we screened cONA libraries from a rat ascltes hepatoma cell line by binding with a synthetic oligonucleotlde probe and obtained several clones. One of them, designated SW, was studied in detail. A clone (SW2) of this series contained a near full length cDNA encoding a putative peptide with 463 amlno acid residues. We isolated this peptide as a fusion protein. It was found that the protein strongly bound to the C-stretch of the DNA sequence In a single strand specific fashion, but absolutely did not to G-rich sequence. The protein bound weakly to the corresponding double-stranded DNA as well as to Crich RNA sequence. This protein, though not the expected one, was found to be a novel protein whose DNA binding domain was located on the region containing at least 75 amino acid residues of the carboxyl terminus. A prollne rich region was also observed in the middle part of the protein. Northern blot profiles indicated extensive and slight expression of both 2.0 kb and 2.7 kb mRNA species in some hepatoma cell lines and in the rat liver, respectively.
INTRODUCTION
In the light of the classical observation that catalase activity is markedly reduced in various tumor cells, we have studied this phenomenon from the aspects of gene regulation using hepatoma cell lines. It was found that 1) the phenomenon was due to transcriptional repression, 2) one of the elements located in 5'-flanking region of the gene strongly suppressed the catalase promoter activity in vivo and in vitro, 3) the core sequence of this silencer element was TG,jAG from a gel shift competition assay, and 4) an approximately 35 kDa nuclear protein bound to the silencer element was present in hepatoma cells but undetected in rat liver cells (1) .
These experimental results inevitably led us to the isolation and identification of the 35 kDa binding protein. One of the methods we adopted for this purpose was to obtain a cDNA clone encoding the protein. During the course of this experiment, we isolated several cDNA clones, one of which was found to code for an approximately 51 kDa, single-stranded DNA binding protein that specifically recognized the dC-stretch. It is therefore possible that this clone is not the expected one. Nevertheless, the reason why we were interested in it was that 1) the protein encoded turned out to be a novel one, 2) the protein was capable of binding, though weakly, to the double-stranded silencer element as well, and 3) the protein was strongly expressed in hepatoma cells across species, but slightly in the rat liver, as we expected in the screening. These properties of the protein motivated us to further study its structure and function. Recently, a number of reports concerning the sequence-specific, singlestranded DNA binding proteins in mammalian cells have accumulated. Of these proteins, those which recognize the pyrimidine-rich tracts are of interest, since there has been increasing evidence suggesting their involvement in replication (2) (3) (4) (5) , recombination (6, 7) , and transcription (8) (9) (10) (11) (12) (13) (14) of certain genes.
In this context, the dC-stretch specific, single-strand binding protein identified in the present study seems to be worth noticing. This paper describes cloning and characterization of this protein.
MATERIALS AND METHODS

Cell lines
Rat ascites hepatoma cell lines, AH66 and Ac2F, were supplied from the Cell Bank of the Japanese Cancer Research Resources. AH66 is a subline derived from Yoshida ascites hepatoma cell lines, and Ac2F is a spontaneously transformed cell line of the rat hepatocyte origin. Human hepatoma cell line, HepG2 is a gift from Dr M.Namba at Okayama University. All of these cell lines were maintained in Dulbecco modified minimal essential medium supplemented with 10 % fetal calf serum.
Cloning of cDNA encoding DNA binding protein cDNA libraries of a rat ascites hepatoma cell line prepared in Xgtll and XZAP vectors were kindly supplied by Dr M.Yamamoto at National Defense Medical College. Two oligonucleotides, 5'-GGTTTGGGGGGAGGG-3' (the sense strand of the rat catalase gene silencer core sequence) and 5'-AAACCCCCTCCCCCC-3' (the antisense strand) were synthesized on Cyclon Plus DNA Synthesizer (Millipore Co.), were labeled with [7- 32 P]ATP at die 5'-end, annealed to each other and ligated to make a tandem repeated DNA segment. Using this segment as a probe, die Xgtll library was screened by the Southwestern method described by Singh et al. (15) with a minor modification. Because of the lack of the 5' region of the first SW clone isolated (SW1), the XZAP cDNA library was screened by plaque hybridization by probing with a EcoRl fragment from the clone to obtain full length cDNA clones. The probe was labeled with [a-^PJdATP by the random primer DNA labeling procedure. Nucleotide sequences of the clones were determined by the dideoxynucleotide chain termination mediod(16) using a T7 DNA polymerase sequencing system.
Preparation of the fusion protein
The coding region of SW clones and their deletion mutants with truncation in various length at the amino terminus (SW3, SW4, SW11, SW12, SW13, SW14, SW15 and SW16) or the carboxyl terminus (SW17, SW18, SW19 and SW20) were inserted to the polylinker site of an expression vector, pMal-cRI (New England Biolabs, Inc.,), in frame. Physical maps of these mutants were illustrated in Fig. 4 . E.coli TB-1 (ara, Aflac-proAB), rpsL, (<j>80 lacZAMIS), hsdR) were transformed by all of the constructs mentioned above and die resultant transformants were treated with 1 mM IPTG for several hours to induce the fusion products with maltose binding protein. The cells were lysed by sonication in a lysis buffer (10 mM sodium phosphate buffer, pH 7.0, 30 mM NaCl, 0.25% Tween 20, 10 mM 2-mercaptoethanol, 10 mM EDTA). Further purification of the fusion proteins was carried out by applying die lysate to affinity chromatography with amylose resin and eluting widi the buffer containing 10 mM maltose. The fusion proteins with bacterial /?-galactosidase a (MBP-/3-gala), with the rat sterol regulatory element binding protein (MBP-CNBP) and with die human leukemia inhibitory factor (MBP-LIF) were prepared as controls.
DNA binding assay of SW fusion proteins
Southwestern method. Soudiwestern blot analysis of crude cell lysate was carried out according to die procedure described by Bowen et al. (17) and Kyhse-Andersen (18) using die antisense oligonucleotide 5'-end labeled widi [-y- Slot blot method. MBP-fusion proteins purified from die lysate by amylose resin were fixed on nitrocellulose membrane using a slot blot apparatus (BioRad Co.). DNA binding reaction was performed in die presence and absence of cold competitors for 1 hr at room temperature. The membrane was then washed under die same conditions as die Soudiwestern bloNortiiern blot analysist analysis and subjected to autoradiography.
Northern blot analysis
RNA was isolated from rat organs and hepatoma cell lines as described by Chomczynski and Sacchi (19) . The Northern blot analysis was carried out according to Goldberg (20) .
RESULTS
Cloning of cDNA encoding DNA binding protein
In an attempt to isolate a cDNA clone encoding die 35 kDa nuclear binding protein for die catalase silencer element, about 3 X10
6 plaques of the Xgtl 1 cDNA library was screened by die Soudiwestern assay using a syndietic oligomer of die G-rich core sequence of die silencer as a probe. One of several clones dius obtained was confirmed by secondary and tertiary screening. This clone, designated SW1, was found to contain a fragment 690 bp in lengdi, comprising a part of coding frame lacking ATG codon and 3'-non coding region including one poly A signal site and 27 bp poly A tail (Fig. 1) . Hence, in order to obtain its full lengtii clone, we again screened 1.5 x 10 5 plaques of die XZAP cDNA library by plaque hybridization widi diis fragment and isolated 14 positive clones. One of diem, designated SW2, was found to have an about 2.6 kb insert widi a near full lengdi size. Fig. 1 shows die nucleotide sequence of SW2 cDNA and die predicted amino acid sequence.
The primary structure of SW2 clone
The coding region. In die nucleotide sequence of SW2 cDNA, die mediionine codon denoted as position 1 was deduced to represent the translation start site for die following reasons. First, this ATG codon was located on die same open reading frame as SW1 cDNA. Second, die ATG codon was surrounded by sequence features typical of initiation mediionine in eucaryotic cells. As shown in 85 % of bona fide start codons, die nucleotide at position -3 is an A, and die nucleotide at position +4 is usually a G for start codon (21) . This rule was also followed well by die ATG codon at position 1, but not by tiiose at position +79 and +124 in the above nucleotide sequence of SW2 cDNA. Third, ATG codons, in die upstream region of the position -12 are out of question since die stop codon TAG was located at position -12 on the same frame as die ATG codon at position 1.
SW2 cDNA covered a complete coding frame comprising 1389 nucleotides with a stop codon, TAA at position +1390.
SW2 cDNA was estimated to encode a 51 kDa peptide comprising 463 amino acid residues. In addition, die following features were noted upon analysis of SW2 clone. The predicted amino acid sequence contained 13.4% basic residues, one potential N-glycosylation site (Asn-Ala-Ser) (22) at position +217, and one nuclear localization signal (Lys-Arg-Ser-Arg) (23) at position +100. There were tiiree repeats of hydrophobic and basic motif (class I repeat) and two repeats of a 14 amino acid sequence (class II repeat). Between both sequences of class II repeat, two proline stretches each comprising six proline residues were recognized. These proline stretches were separated from each odier by Gly and Arg rich 15 amino acids. Two repeats of Pro-Pro-Gly-Arg-Gly-Gly-Arg sequence were also present in die proline stretches. Interestingly, die presence of a Arg-X-XAsp-X-X-X-Tyr sequence, one phosphorylation site by a tyrosine kinase (24) , was recognized in die class II repeat. Moreover, five putative calmodulin-dependent multiprotein kinase sites (R-X-X-S/T) (25) , four proline dependent protein kinase sites (X-S/T-P-X) (26) , and five protein kinase C sites (S/T-X-R/K) (27) were observed. Three out of five protein kinase C sites were localized near die carboxyl terminus. using 32 P-labeled single-and double-stranded probes. Unexpectedly, as little as 0.3 /xg of MBP-SW2 protein strongly bound to the dC-rich antisense strand of the silencer sequence. 3 ng of the fusion protein bound slightly to double-stranded DNA probes, but did not to dG-rich sense strands (Fig. 2) . Also, no binding to any probes could be seen with unrelated control MBP-LIF. Furthermore, addition of about 5000 fold molar excess of the cold antisense strand probes competed out this binding, while the same amount of a single-stranded sequence (SK sequencing primer for Bluescript II; 5'-TCTAGAACTAGTGGATC-3') did not. Neither binding nor competition could be observed when the dG-rich sense strand was used. The effect of the doublestranded probe was also examined on the same slot blot. It was found that the binding and competition profiles of the doublestranded probe were essentially the same with the antisense probe but to a much lesser extent, indicating a high binding affinity of SW2 protein to the dC-rich single stranded probe.
Sequence specificity for binding with SW2 protein Next, to determine the size-, the position-, and sequencespecificity of DNA strand for this single-strand binding protein, we prepared various length of dC-rich synthetic oligomers and compared dieir competitor activities on the slot blot. First, a possible significance of a dT nucleotide between the dC-stretches in the oligomer was examined by applying the following three synthetic oligomers to the competition assay in two doses: C101, C102, C103, containing dA, dG, dC instead of dT, respectively (Fig. 3) . All of them, especially C103 oligomer, were found to strongly compete out the binding of the SW2 protein to the probe. We therefore carried out further experiments using oligomers with various length of the dC-stretch. lOmer (C104) and 12mer (C103, Clll) of the dC-stretch strongly, but 8mer (C105) weakly bound to MBP-SW2 protein, while 6mer (C106, C109) and 4mer (C107) of the dC failed to show any binding. The binding of the protein to the dC-stretch was weakly retained irrespective of its position in the probe (C105, C108, Cl 10). Furthermore, the dA-and dT-stretches scarcely bound to the protein (C107, Cl 12), while oligomers of cytidine ribonucleotide (prC) bound weakly in the same extent with C105, C108 and C110. No competition activity could be seen in SK oligomers.
These results clearly show that SW2 protein specifically associates to die dC-stretch of die single-stranded DNA. Therefore, we propose to refer to it as a dC-stretch binding protein (CSBP).
Binding domain of CSBP (SW2 protein)
Meanwhile, it is worth noting that SW1 was the first clone isolated from die library by using the Southwestern procedure and contained a part of the coding frame comprised of only 84 amino acids residues of die carboxyl terminus. In addition, the binding activity of MBP-SW1 was almost die same as that of MBP-SW2, MBP-SW3, MBP-SW4, while neither MBP-0-gala nor MBP-CNBP used as controls bound to the oligomer probe 
Expression of CSBP in hepatoma cell lines and rat tissues
The final objective of this study was to examine CSBP gene expression in various hepatoma cell lines and rat tissues. Northern blot analysis was carried out on rat liver and hepatoma cell lines AH66, Ac2F, and HepG2, using SWl cDNA as a probe and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA as a control probe. As shown in Fig. 5 , two species of CSBP mRNA, 2.0 kb and 2.7 kb in length, were strongly expressed in hepatoma cell lines, but only slightly expressed in rat liver, whereas the expression of GAPDH mRNA was almost the same in all lanes. Our previous studies showed that the level of catalase mRNA was very high in rat liver, while very low in the same hepatoma lines (1). It therefore seems likely that the expression of CSBP message is reciprocal to that of the catalase gene in these cells. In addition, the high level of CSBP message was also observed in a human hepatoma line HepG2, as in AH66 and Ac2F, suggesting that the CSBP gene is strongly expressed in hepatomas across species. Fig. 5 also illustrates the expression profile of CSBP message in various rat tissues. It is obvious that the CSBP gene is more or less expressed ubiquitously. This result seems to suggest a possible importance of the gene for cellular functions.
( Fig. 4) . It is therefore evident that the binding site of CSBP to the probe was located within this 84 amino acids. To examine this point in more detail, we prepared several 5'-and 3'-deletion mutants of SWl clone and their fusion proteins. SWl 1 and SW12 peptides were nine and fifteen amino acids shorter than SWl at the amino terminus, respectively. Of special interest is that MBP-SW11 protein bound to the probe to the same extent as MBP-SW1 but MBP-SW12 protein completely lost its binding activity.
On the other hand, deletion of amino acids at the carboxyl terminus gradually decreased the binding activity depending upon the extent of the deletion (MBP-SW1, MBP-SW17, MBP-SW18). Moreover, we could not detect any binding to MBP-/3-gala, MBP-SW4 and MBP-CNBP when the dG-stretch was used as a probe, again confirming the results of the slot blot analysis (data not shown). These results clearly indicate that 1) CSBP specifically binds to the dC-stretch, and 2) its single strand specific binding domain is located within 75 amino acids residues of the carboxyl terminus.
DISCUSSION
The motivation behind the present study was to isolate a cDNA clone encoding the 35 kDa protein which was previously reported to specifically bind to the G-rich silencer element for catalase gene expression (1) . For this purpose, we prepared a doublestranded oligomer by annealing both synthetic sense-and antisense strands of the silencer element and used it as the probe without further purification. It is therefore conceivable that certain amount of the synthetic single-stranded DNA remains without participating in the double strand formation. This may be the reason why the screening of the Xgtl 1 cDNA library by binding with the probe resulted in the isolation of a cDNA clone encoding a single-stranded DNA binding protein (CSBP) different from our original purpose.
In the present study, we mainly analyzed two clones, SWl and SW2. The former clone was found to carry a dna fragment encoding a short peptide comprising only 84 amino acid residues of the carboxyl terminus, while the latter was found to carry a near full length cDNA encoding a peptide with 463 amino acid residues. It is noted that the DNA binding activities of both fusion proteins prepared from respective peptide and maltose binding protein were virtually identical to each other. These results clearly mean that the binding domain of CSBP is located within a portion containing 84 amino acid residues of the carboxyl terminus. Moreover, analysis made by using deletion mutants of SW1 cDNA revealed that nine amino acids of the amino terminus of the short peptides were dispensable but the subsequent six amino acids were indispensable, for the binding activity. Deletion of amino acids at the carboxyl terminus gradually decreased the binding activity depending upon the extent of the deletion, suggesting a possibility that the amino acid sequence at the carboxyl terminus of the short peptide is rather involved in the stability of the binding activity.
Structure analysis of SW2 clone demonstrated the presence of a proline rich region in the middle part of the coding frame. This region has attracted attention since it was found in the well-known transcription factors such as CTF/NF1, AP-2, and NF-xB (28, 29) . What is especially interesting is the fact that the deletion of this region from CTF/NF1 abolished its transcriptional activity, although its DNA binding activity was well retained (30) . This finding led us to assume that CSBP may be involved in the regulation of transcription. We are now examining this possibility.
DNA sequence analysis of the 3'-non coding region of SW1 and SW2 clones strongly suggested that SW1 clone cDNA originated from the 2.0 kb CSBP mRNA, although the whole 5 '-non coding region and more than 4/5 of the coding frame were lacking. SW2 clone cDNA was from 2.7 kb CSBP mRNA species.
The binding assay performed by using the Southwestern, and the slot blot methods clarified the binding domain of the CSBP on one hand, and the sequence specificity of the DNA probe to be bound on the other hand, and led us to conclude that the CSBP is a single-stranded DNA binding protein that specifically interacts with the dC-stretch.
Northern blot analysis revealed that the CSBP gene was more or less expressed in various rat tissues. This was rather unexpected since our purpose for the screening of the library consisted in the isolation of such a cDNA clone as to be strongly expressed in hepatoma cells but slightly in the liver. Indeed, the SW clone we isolated fit in this purpose as far as the hepatoma and the normal liver cells concerned. The fact that the CSBP gene was ubiquitously expressed in rat tissues except for the liver seems rather to raise a new question concerning tissue specific suppression of gene expression.
Recently, Gaillard and Strauss isolated a single strand binding protein (H16) from monkey CV1 cells and demonstrated that this 70 kDa protein only bound to the late strand of SV40 early promoter within the region of 21 bp repeats and activated the transcription in vitro (9) . Of great interest is that the binding of this protein to the dC-rich sequence was inhibited by the addition of poly dC. This property closely resembles to that of the CSBP in the present study. H16 protein, however, is not cloned yet and the information about its amino acid sequence is not available. Therefore, further studies are necessary to clarify how the proteins are related to each other. It is also known that some single-strand binding protein recognize stretches of deoxyribonucleotides other than dC. CNBP is a protein that recognizes the G-rich sequence of SRE and suppresses the expression of certain enzyme genes involved in LDL receptor and cholesterol synthesis (31) . RP-A is a 70 kDa subunit of a single-strand binding protein that specifically interacts with oligodT and involved in the replication of DNA (2,3) . The presence of the typical zinc-finger domain in these proteins is worth noting. In our case, however, neither classical zinc-finger motif nor basiczipper structure, both of which are also often detected in transcription factors could be observed.
